The flash point is an important physical property used to estimate the fire hazard of a flammable liquid. To avoid the occurrence of fire or explosion, many models are used to predict the flash point; however, these models are complex, and the calculation process is cumbersome. For pure flammable substances, the research for predicting the flash point is systematic and comprehensive. For multicomponent mixtures, especially a hydrocarbon mixture, the current research is insufficient to predict the flash point. In this study, a model was developed to predict the flash point of straight-chain alkane mixtures using a simple calculation process. The pressure, activity coefficient, and other associated physicochemical parameters are not required for the calculation in the proposed model. A series of flash points of binary and ternary mixtures of straight-chain alkanes were determined. The results of the model present consistent experimental results with an average absolute deviation for the binary mixtures of 0.7% or lower and an average absolute deviation for the ternary mixtures of 1.03% or lower.
Introduction
When a flammable liquid is transported, used, or stored, safe handling is particularly important, which requires knowledge of the liquid's fire and explosion hazard. An important property used to estimate the risk of fire and explosion for a flammable liquid is the flash point [1, 2] . When the fuel is heated, volatile combustible gases mix with air near the liquid surface. The vapor of the combustible liquid is ignited by a spark when a certain concentration is reached. The minimum temperature at this concentration is defined as the flash point.
Most flash points can be obtained by experimental analysis, but for certain rare or mixed material the flash point is difficult to obtain [3] . The typical experimental method is not only time consuming but also difficult to perform when determining the flash point for each liquid in the mixture. The experimental results are often different because of the equipment used, the environmental conditions, and the operation method chosen. In addition, although flash point values can be found in reference materials, the accuracy of the data is not guaranteed. For example, Kwon et al. [4] determined the flash point of decanol and discovered that it did not belong to the combustible materials category, where it was included on the material safety data sheet.
To compensate for the disadvantages of the experimental method, models have been proposed for calculating the flash point. The models of flash point prediction are typically based on the relationship between the flash point and the thermodynamic properties of the compound. Evaporability is determined by the boiling point, and the flash point depends on the evaporability; therefore, a good relationship is found between flash point and boiling point. Many models have been reported using the correlation between the boiling point and the flash point of pure compounds. A quadratic correlation was proposed by Patil [5] in the following equation: = 4.656 + 0.844 * − 0.234 * 10
In (1) 
Equation (2) can be applied to 1,457 organic compounds with an average error of 3.75%. Although the form of (2) is relatively simple, the results are unreliable.
For mixtures, the relationship between the flash point and the vapor pressure of a compound is used to predict the flash point. According to the definition of flash point, a model was expressed using the following equation [7] :
where LFL is the lower flammability limits of component ,
, (in kPa) is the saturated vapor pressure, and (in kPa) is the ambient pressure. The advantage of this model is that it can effectively predict the flash point of a nonideal solution.
Currently, a novel approach for predicting the flash point of alkanes employs the introduction of certain physical and chemical effects into the prediction model. For example, Valenzuela [8] presented a model that included physical and chemical effects to estimate the flash point of a pure alkane. The incorporation of a physical effect was accomplished by using the normal boiling temperature ( ) as an independent variable. The heat of combustion (ΔH r ) and the heat of evaporation (ΔH v ) were included as the chemical effect. The group contribution method was used to produce the following model:
where 0 , 1 , , and are defined values that are specific to the different alkanes. Similarly, Mathieu [9] studied the quantitative structure-property relationship [10] to predicate the flash point of alkanes. This group developed a method based on the backpropagation ANN model using the group bond contribution method. In addition to considering physical and chemical properties, Li developed a relatively simple model to calculate the flash point using the following equation [11] :
where , , and are constants and is the number of organic carbon atoms. Equation (5) can be applied to straightchain saturated alkanes and straight-chain monoolefins. The calculated results and the literature results for these types of compounds are in good agreement. The error is small, and the average absolute deviation is not more than 1.5%. However, there are three constants in (5), and different substances have different constants, which makes the use of this calculation cumbersome.
Therefore, these models can be applied to pure substances or substances with known thermodynamic information. However, certain model results are not accurate, and the error is large. The other models are complicated or include many parameters and, therefore, are inconvenient for practical use. The largest disadvantage in using these models is that most cannot predict the flash point of multivariate alkane mixtures. Thus, limitations for the flash point prediction of alkane mixtures still exist. To predict the flash point of straightchain alkane mixtures, a model was developed to reduce the number of required experiments. In this model, the thermodynamic parameters are not required.
Model
The model for straight-chain alkane mixtures was proposed for predicting flash point using the following equation:
In the model, coefficient was determined using experimental values. The specific calculation method is as follows.
(1) Any two straight-chain alkanes are chosen to determine the flash points, and .
(2) The chosen alkanes are mixed according to a volume ratio of 1 : 1, and the flash point is determined. (3) is calculated using the determined results and the model.
Experiment
To calculate the coefficient in the modified model, certain flash points were determined experimentally. The reagents and instruments used are listed in Table 1 .
Flash point determination methods are typically classified as either a closed cup tester or an open cup tester. In this study, the WFY-111C flash point tester is used to determine the flash point, which is a closed cup tester. When the flash point of the compound is expected to be less than 50 ∘ C, a heating rate of 1 ∘ C/min is required while stirring the solution. The ignition test begins when the solution temperature is 10 ∘ C lower than the expected flash point value. When the flash point of the compound is expected to be higher than 50 ∘ C, the temperature is allowed to rise in 2-3 ∘ C per minute while stirring the solution. The ignition test begins when the solution temperature is 10 ∘ C lower than the expected flash point value. The lowest temperature at which the vapor above the sample surface will briefly ignite is the flash point. Each experiment was performed in triplicate.
Results and Discussion

The Determination of Flash Point.
A selection of pure alkanes and straight-chain alkane mixtures were chosen for the experiment. The flash points of these compounds are shown in Tables 2 and 3 . 
The Calculation Results of the Coefficient .
In the model, the coefficient can be calculated using the flash point of the pure alkanes and any binary alkane mixture. Different mixtures have different coefficients. There are seven Tables 2 and 3 . The calculation results are shown in Table 4 .
The Prediction of the Flash Point for Binary Alkane Mixtures.
Three groups of binary alkane mixtures were selected for flash point determination. According to the model, the flash point of these mixtures can be obtained from the calculation. The results are shown in Tables 5, 6 , and 7. The results show that there is a good agreement between the experimental results and the calculated results. The maximum absolute deviation between the model and the experimental results is 1.10 ∘ C. The average absolute deviation is 0.60 ∘ C. The model calculation results are closer to the experimental results than those achieved by other models, and, therefore, this model has better predictability and applicability.
Three graphs are shown in Figures 1, 2 , and 3 to visually compare the results.
The figures show that the calculated results using the model have a high consistency with the experimental results. Although the model contains multiple parameters, the calculation process is relatively straightforward and the calculated results have a high accuracy. In the next section, experimental determinations of the flash point of ternary alkane mixtures are used to verify the model.
The Prediction of the Flash Point of Ternary Alkane
Mixtures. Similar to the binary alkane mixtures, three groups of ternary alkane mixtures were selected to determine the experimental flash point values. According to the developed models, the flash point can also be obtained using calculations. The results are shown in Tables 8, 9 , and 10.
The maximum absolute deviation between the model and the experimental results is 2.51 ∘ C. The average absolute deviation is 1.03 ∘ C, 0.32 ∘ C, and 0.95 ∘ C for the nonane, decane, and dodecane mixtures, respectively. The model calculation results are in a good agreement with the experimental results, and, therefore, the model has better predictability and applicability than other flash point models.
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Conclusion
A model for predicting the flash point of multiple mixtures of straight-chain alkanes was established in this study. Compared with the experimental results, the model presents good applicability. In addition, the model describes a simple calculation process with highly accurate results. Therefore, the model is more suitable than previously proposed models for the calculation of the flash point of alkanes and their mixtures. 
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